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PARAMETERSOF A POSSIBLE FRC ADIABATIC COMPRESSIONEXPERIMENT

M. Tuszewski and R. E. Siemon

Los Alamo9 National Laboratory, Los Alamos, NM87545

1. roduct ~ he describe here a preliminary analysis of an experiment that
would address the following research goals for field-reversed configurations
(FRC).

(a) test FRC stability with a number of ion gyroradii relative to the plasma
radius substantially greater then in present experiments.

(b) increase the electron temperature sufficiently to test the physics of
electron energy confinement and of trapped-flux losses.

(c) improve confinement while remaining in b’ density regime (n < 5X1015
cm-3) ❑ost likely to be relevant to fusion power production.

Taking the basic constraint of laws af adiabatic oompressionq, we consider
parameters of a three-stage device: a source, a compression region, and a
confinement re~ion. An FRC is formed at low energy in the source (state 1),
transla+.ed into the compression region (state 2), adiabatically compressed to
high energy (state 3), and translated again into the confinement region (state
4). In section 2, we define a final state suf!’icient to address the above
goals, and calculate the required sizes and bank energies of the source and of
the compression region. In sectio~ 3, we present a particular aet of parameters
based on a source with present high voltage technology. In section 4, we
discuss some of the issues involved in developing FRC formation techniques with
lower voltages than in present sources.

2. Calc~
. .

State 4 can be defined by maximizing the parameter
3 = jrdrlr~pi whiqh measures FRC magnetization and atability2. For typical FRC
profiles, 9 cm be approximated by Sxa/5, where S is the commonly used ratio
R/~io and Xa is the ratio of separatrix radius ra to flux oonserver radius r .
Since S scf.les as ra~~ (nM is the maximum density ), 3 seal s as rcx~fiM.

3
is

indicated 1:1 goal (c), we limit ourselves to n,4 s 5X1015 om- . Me ohoose a
maximum value Of 0.8 for Xa to prevent plasma contact with the wall. We also
choose rf, = 17.5 cm beoause it is the me imum value compatible with the
con!’inem~nt region of the FRX-C/T experiment !! (this Oonflnement region oould be
adequate for the experiment described here). Iith thene ohoices, one oalculhtes
S:71, a value about 3 times larger than the largest values obtai:led ao
far214, so that goal (a) oan indeed be ❑et. In addition, by ohoosing a minimum
temperature T = Te = Ti 6 500 eV, this state 4 oould meet go~ls (b) and (c), as
will be shown in section ?.

The final state just defined is now used to find the required sizes and bank
energies of the source and of the compression region. Ue assume that all states
aro related tu each other by adiabtic reversible prooeeses. For typical FhC
pressure profiles

{
neglecting directional ener~y (viz. FRC at rest), the

adiabatic laws ara

Es-x lo9B-0s7rOo4, T q X-2.6B0.3P-L6, nM q ~-3.9p-0.3r-2.4 (1)

where Ea is the length of the separatrix, x z x~, r s r , and B = l-x2/2. Using
Eq. (1) requires that the FRC confinement times in al! atat~s be substantially
larger than the times (in the range 50 to 100 pa) necessary to translate or
compres~ thr FRC,
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Figure 1 shows (a) the coil radius r
1

, and (b) the bank energy El of the
source, that are obtained from Eq. (1) as unctions of xl and T,. El is
estimated as TICX(Bo+B1)2r~tl/2~o~

$
where a

(the present FRX- value). 1
1s an efficiency factor taken as 2

The coil length , md the separatrix length ~~1 are
taken as 8r1 and 5r1, ~~pec~ively. The initial bias field B is oomputed by
assuming that ~OS of the initial bias flux is retained in state ?, a percentage
representative of FRX-C. One observes from Fig. 1 that both r, and El are
strong decreasing functions of xl, particularly in the range 0.4 to 0.6. This
suggests the strong desirability of formation techniques that can maximize xl,
This o~servation is also relevant to the compression region, as seen with Fig. 2
where (a) r2, and (b) ii2 are shown as functions of x1 and T1. Fig, 2 is
obtained by using Lq. (l), by assuming translations (1+2 and 3+4) at constant
plasma pressure, and by taking X2 = 0.8. E2 is estimated as na2(B$-B~)r~k2/2uo,
witn g

6
= 232 and a = 1.5.

f
It is important to note that the values of E2 in

Fig. 2 are signi icantly smaller than the values E~ that would be required to
compress the FFiC inside +he source, for given initial and, final magnetic fields.
The ratio Ej/E2 = c+lr,l~/a2r~12 is typically in the range 3 to 4 for the
following reasons:

(i) Translation to a maximum value of X2 allows an optimum volume
utilization. With ~1 = Rgl and 12 = Es2, translation at constant pressure

!
implies r gl/r~R2 - rl/r2 > 1. In addition, one always has 11 > fi~l and one can
have an e fectlve value of 12 that is lesg than t

‘$”

by using several independent
bauks tc compress over a length that decreases in lme together with g .

(ii) The bank efficiency in the compression region is likely to %e better
than i~ the source (al/a > 1),

f
This is inostly because the source is fed by

several banks in parallel. n addition, translation allows a separation between
the lower-vcltage technology of the compression region and the technology of the
source which is likely to be more complicated. This separation is attractive in
itself, and may also contribute to a ‘Iigher value of al/a2.
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Fig 1, S~ze and bank energy Fig, 2. Size and bank ●nergy
of thd nource as fuuctions of of the camp’esslon region ●s
x. and T, > functions of xl and T1.
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39 ~ Figures 1 and 2 clearly show the sensitivity of the sizes and
bank enorgiea to the values of x , and T,. The actual values of xl and T, depend
on the particular formation technique that is used. As will bo discussed in
section 4, one can estimate with reasonable confidence xl nnd T, at the present
time only for FRC sources that involve high voltage technology. Therefore, we
present in Table 1 a set of parameters for such a source.

le “ii Plasma parameters based on a source with high voltage technology

StaLe 1

r (cm) 70
x 0.55
nM (10

15cm-31 0.7
T (eV) 154
B (kG) 3.0
~= (m) 3.2

‘s (cm) 38.5
s 46.3
5 5.1
‘N (mS) 2.0
TE (ins) 1.0
T (ms a

$ i
4.3

n E(lfl 2cm-3)b 0.6
Ep (kJ)c 45

2

38.1
0.80
0.8

144
3.0
6.o

30.5
37.9

6.1
4.0
2.0
2.4
1.0

42

3

38.1
0.50
4.6

540
14.1
2.0
18.9
57.5
5.7
0.6
0.3
6.7
1.3

157

4

17.5
0.80
5.0

500
14.1
4.4
14.0
114.3

7.1
1.6
0.8
3*3
2.6

146

(a) T$=0.15(r9/10)2(T/100)3i2, (b) n’d=6nMlE, (C) EP=3NT,N=(2/3)+gn@

Steinhauer’s formation code5 is used to define the plasma pkrarieters of’ state 1 in
Table 1, The source is extrapolated from FRX-C, with r . 70 cm, a tube radius
of 56 cm,

‘1 1= 5 ❑, and is four-fed with 45 KV techno ogy. The values of nM ,
iTl, Bl, and X1 in Table 1 are very similar to those obtain d aL 5 mTorr fx 1

pressure !!on FRX-C with a f~action oi’ the main bknk . This gives ua some
confidence that the plasma parameters of state 1 in Tabls 1 can indeed be
aohieved (in particular xl ❑ 0.55). One ~al~ulates B. -0.8 KG and El - 1 HJ.
The compression rggion has r2 - 38 cm, E = 6 u, and E2 - 3 MJ,
The par icle confinement times T

k
~ given f n Table 1 are calculated with an analytic~l

formula based on Lower-Hybrid resistivity. ‘These calculated values o“ IN are
4found to be within jOS of those obtained with earlier numerical work . The

energy confinement times T are taken as T.,/2,
E

to acoount fo:q enerfiy 10S8 s by
thermal conduction and ,-adia ion in about 8tfie came proportion as found in
FRX-C. The trapped-flux confinement times 1

9
ave also extrapolated from FRX-C

data, assuming n classical dependence T - r~Te/2. An electrcm temperature of
540 eV ia about 3 times larger tfian presently achieved4, and should be
sufficient to ❑eet goal (b). The adiabatlo compression has the advuntage of
heating ions and electrons equally, thus f’acilitatin& the studies of this goal.
If larger temperatures are de8ired, one oan ohoo:le to further oompress the FRC
at the expense of confinement. For example, wtth E2 - 5 MJp one can obtain
x = 0.39, T

a
= 1 KeV, nM = 1016 em-s, and B = 30 KG. Me note from Tnble 1

tilat the v lues of TE i nd I ?are auffioien.ly large to Just.ify the neglect of
losses of trapped-flux and of !’nergy. The ratio 1 /T iu smaller than unity !’F,m
eaoh otate, g$Uhioh 18 requiredg to oaloulate he values of T

t
and T with a

etaady-state model. The lawns is muoh leas oolllaional in all a ates
t

&han in
the 2fJ mTorr FRX-C oaaes . One observes from Table 1 that the translation into
the confinement, region provides values of TE and n~E that are greater Shr 1 those
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of state 3 by f’actora of 2.5 rnd 2, respectively. This Justifies the last
translation into a region where dc magnetic field also eliminates the need for
an efficient crowbar switch in t e oompnssion

!
region. T e final values of

T

R
= 0.8 ms, nTE ❑

9206x1012 Cm- , ~d nTTE . 103x~012 cm- Kel/g are larger than
t e best present values4 by about one order of magnitude, thereby fulfilling
goal (c).

4. ~CiW teQl We now consider FRC sources with a
more attractive technology than the one in Table 1. A poc~ible source would be
a slow theta--pinct.10 for which retiistive heating provides most of the required
plasma temperature. Assuming for example a voltage of 32 KV around a 70 cm coil
radius, the ratio Tr/TA (formation/Alfv~n times) is about 7, which is
intermediate between the source of ‘fable 1 (Tf/TA - 1) and ultimate S1OW sources
(Tf/T4>> 1). Steinhauer’s mode15 was used to investigate FRC formation in such
an intermediate source, with 32 KV around the coil. Although resistive heating
proved adequate for r, = 10 cm, this heating process was found to rapidly become
insufficient as r, was increased to 70 cm. This is because resistive heatin~ 1s
tied to the drift paramOtOr vd/vi (at the ff.eld null) in Steinhauer’s ❑odel, as
is appropriate if dissipation comes from microinstabilities. As r, increases,

decreases and resistive heating also decreases. Further theoretical anl
;!~$imental work is needed to find whether ~esistive heating may arise
independently of the drift parameter, and to find how much heati~g can be
expected from other processes such as axial compression. In particular, the
scfiing of such a source with respect to size appears a key issue.
Ultimate slow sources (e.g. the rotating magnetic Tield technique and the coaxial
source) have already been consideredll, but the plasma physics involved in the
formation process is not yet sufficiently understood; ‘Therefore, there is an
insufficient theoretical and experimental data base to allow us at the
time to obtair? a self-consistent set of plasma parameters f’cm an example
the one of Table 1.
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